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SUMMARY 

^  . 

This  paper  compares  oscillatory  pressures  calculated  and  measured  at  high 
subsonic  speeds  for  a  swept  back  wing  of  aspect  ratio  6  with  a  part-span  trailing- 
edge  flap.  The  flap  was  driven  at  frequencies  of  1  Hz  (quasi-steady)  and  90  Hz 
at  Mach  numbers  from  0.U0  to  0.95  with  both  fixed  and  free  transition  over  a  range 
of  Reynolds  numbers  from  to  ^  x  10^.  1  "’’1  ■■  u  . 

The  measured  oscillatory  pressures  depend  strongly  on  the  boundary-layer 
displacement  thickness  at  the  hinge  line.  Hence  extrapolation  from  model  to  full 
scale  requires  great  care.  In  subsonic  flow,  tests  with  free  transition  give  the 
thinnest  turbulent  boundary  layer  at  the  hinge  line  and  come  nearest  to  full  scale. 
However,  at  transonic  speeds  transition  should  be  fixed  at  a  safe  distance  up¬ 
stream  of  the  most  forward  excursion  of  the  shock  wave  to  obtain  results  appropri¬ 
ate  to  higher  Reynolds  number. 

Tests  with  flap  driven  simultaneously  at  two  frequencies  (90  Hz  and  131  Hz) 
at  subsonic  and  transonic  speeds  produce  the  same  oscillatory  pressures  at  131  Hz 
as  when  driven  independently.  Hence  the  principle  of  superposition  applies,  at 
least  for  small  amplitude  motions  with  attached  flows. 
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INTRODUCTION 
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The  effective  use  of  active  controls  for  load  alleviation  or  flutter  suppression 
requires  a  better  knowledge  of  the  dynamic  characteristics  of  aerodynamic  control:;  than 
is  currently  available,  for  even  at  subsonic  speeds  wide  differences  frequently  occur 
between  calculations  and  measurements  in  wind  tunnels.  As  an  example.  Fig  1  shows  some 
measurements-^  of  the  total  dynamic  lift  induced  by  an  oscillating  flap  on  a  low  aspect 
ratio  wing.  The  total  lift  was  measured  with  a  dynamic  balance  fully  described  in 
Ref  2.  The  lift  derivative  in  phase  with  the  motion  (z„)  is  only  about  f,OJ  of  that  pre¬ 
dicted  by  the  linear  theory  of  Ref  3  over  the  Mach  number  range  from  M  =  0.6  to  0.9. 

The  measured  lift  in  quadrature  with  the  motion  (?.’)  does  not  even  have  the  trend  with 
Mach  number  predicted  by  the  theory.  Fig  2  shows  similar  evidence  for  the  pitching 
moment.  The  position  with  regard  to  the  flap  hinge  moment  is  even  more  unsatisfactory. 

Fig  3  shows  that  the  hinge  moment  in  phase  with  the  motion  (-h„)  decreases  with  Mach 
number,  whereas  the  theory  predicts  an  increase.  In  contrast,  the  hinge  moment  in  quad¬ 
rature  with  the  motion  (-hg)  shows  the  correct  trend  against  Mach  number,  but  is  only 
about  60%  of  that  predicted.  These  anomalies  on  a  simple  configuration  of  6%  thickness/ 
chord  ratio  were  tentatively  explained  in  Ref  1  in  terms  of  a  semi-empirical  correction 
for  aerofoil  section  and  boundary  layer  effects  together  with  a  correction  for  wall  inter¬ 
ference.  However  both  corrections  were  restricted  to  low  frequency  and  to  suberitical 
flow  and  would  not  be  applicable  to  other  configurations.  Similar  anomalies  have  been 
cited  previously  on  a  number  of  aerofoils,  the  measured  forces  being  about  70%  of  those 
predicted1*.  For  aerofoils  the  anomalies  discussed  are  often  attributed  to  the  omission 
of  wing  and  boundary  layer  thickness  from  the  calculations  and  when  these  thicknesses  are 
included  some  improvement  is  achieved4.  However  no  direct  experimental  evidence  for 
thickness  and  boundary  layer  effects  has  yet  been  adduced  for  wings  with  oscillating 
controls . 


To  provide  clear  evidence  of  the  importance  of  boundary  layer  thickness,  and  to  high¬ 
light  the  uncertainties  in  the  linearized  theories  at  transonic  speeds  and  moderately  high 
frequencies,  an  extensive  series  of  oscillatory  pressure  measurements  has  been  made,  with 
both  fixed  and  free  transition,  on  a  half  model  of  a  swept  wing  of  aspect  ratio  6  with  a 
trailing-edge  flap  (Fig  4).  This  symmetric  wing  9%  thick  (RAE  Wing  A)  was  tested  mainly 
ut,  zero  incidence.  For  a  wing  of  this  type  an  understanding  of  the  unsteady  flow  and  how 
it  is  affected  by  Reynolds  number  is  likely  to  be  important  in  the  design  of  an  active 
control  system.  This  paper  provides  a  preview  of  some  of  the  more  interesting  results 
from  the  experiments;  a  full  account  will  be  published  later®. 


EXPERIMENTAL  DETAILS 


2.1  Pressure  measurements 


Fig  4  shows  the  position  of  the  four  spanwise  stations  used  for  the  pressure  measure¬ 
ments,  and  the  flap. 


The  oscillatory  pressures  were  measured  by  small  transducers  (Kulite  type  XCQL  093-25A) 
mounted  close  to  the  pressure  holes  to  ensure  only  3mall  changes  in  the  amplitude  and 
phase.  With  the  installation  used  amplitude  errors  are  estimated  to  be  less  than  1.5%  and 
phase  errors  less  than  1.5°,  for  the  highest  test  frequency  (131  Hz).  The  steady  pressures 
were  measured  in  a  separate  test  in  the  traditional  way  by  connecting  the  static  pressure 
holes  through  long  lengths  of  piping  to  manometers  outside  the  tunnel.  With  new  ampli¬ 
fiers  developed  at  RAE®  the  same  pressure  transducers  can  now  measure  both  dynamic  and 
static  pressure  distributions  simultaneously. 


2.2  Model  construction 


The  method  of  construction  was  unusual.  The  model  was  made  in  two  halves  to  allow 
access  to  the  pressure  transducers  and  to  the  drive  shaft  of  the  flap  (Fig  5).  These 
halves  were  then  screwed  together  and  produced  a  flexible  model,  which  responded  to  the 
flow  unsteadiness  in  the  tunnel  when  the  flap  was  undriven.  The  structural  response  was 
a  minimum  at  90  and  131  Hz  and  so  these  frequencies  were  selected  for  driving  the  flap. 
Nevertheless  the  flap  inertia  and  the  aerodynamic  loads  developed  by  the  flap  forced 
significant  wing  deflections,  which  were  determined  by  internal  miniature  accelerometers. 
Typical  values  of  the  amplitudes  of  these  deflections  are:  2  mm  at  the  wing  tip  and  0.2° 
twist.  No  corrections  have  yet  been  made  to  the  measured  oscillatory  pressures  for  these 
wing  motions,  although  in  principle  this  should  be  possible.  When  active  control  systems 
are  used  in  flight  similar  dynamic  wing  deflections  may  occur  because  aircraft  are 
relatively  flexible  -  as  illustrated  by  well  known  static  aeroelastic  phenomena  such  as 
aileron  reversal  and  wing  divergence. 


Boundary  layer  measurements 


A  novel  method  was  used  to  estimate  the  boundary  layer  displacement  thickness,  4., 
just  upstream  of  the  flap  hinge  line.  Instead  of  making  measurements  of  the  boundary 
layer  profile,  at  several  stations  on  the  wing,  the  local  skin  friction  was  inferred  from 
the  reading  of  a  single  Preston  tube  of  diameter  1  mm  just  upstream  of  the  flap  hinge 
line  and  inboard  of  the  flap  (Fig  4).  The  skin  friction  coefficient,  was  computed 
using  the  method  of  reference  7;  a  probe  correction  of  0.15  x  probe  diameter  was  applied 


to  the  distance  from  the  aerofoil  surface  to  the  centre  of  the  Preston  tube.  The  boundary 
layer  Reynolds  number  based  on  the  displacement  thickness  6l ,  R4t ,  was  inferred  from  the 
Cf-R61,  relation  derived  from  a  viscous  three-dimensional  flow  calculation  made  by 
Roberts®.  This  calpulation  showed  (Fig  6)  that  on  the  hinge  line  at  M  =  0.40  there  was 
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•i  unique  relation  between  Cf  and  Rfi, ,  both  inboard  of  the  flap  (at  n  =  0.28)  and  out¬ 
board  of  the  flap  (at  n  :  0.80).  The  calculations  also  showed  that  Cf  at  the  hinge  line 

only  increased  a  little  with  the  rearward  movement  of  the  transition  point  from  xt/c  = 

0.125  to  0.25.  Hence  the  same  curve  could  be  used  to  make  rough  estimates  of  the  boundary- 
layer  thickness  at  the  hinge  line  for  transition-free  measurements.  Fig  6  shows  that  the 
predicted  Cf' s  are  appreciably  lower  than  the  corresponding  two-dimensional  flat  plate 
Cf's.  This  is  because  of  the  change  in  boundary-layer  profile  due  to  the  small  adverse 

pressure  gradient  towards  the  rear  of  the  aerofoil.  The  insert  in  Fig  6  shows  that  at  a 

typical  station  the  measured  and  calculated  viscous  pressure  distributions  are  in  good 
agreement,  despite  the  unusual  method  of  construction  of  the  model,  which  involves  a 
discontinuity  at  the  leading-edge  and  a  trailing-edge  of  small  thickness. 


The  shape  of  the  pressure  distribution  remains  essentially  unchanged  in  character 
from  M  =  0.40  to  0.85  so  that  Fig  6  should  be  quite  adequate  to  estimate  comparative  varia¬ 
tions  in  boundary  layer  thickness  at  subsonic  speeds.  The  change  in  the  character  of  the 
pressure  distribution  at  transonic  speeds  prevents  Fig  6  from  being  used  to  estimate  the 
boundary  layer  thickness  at  the  hinge  line  at  M  =  0.90  and  0.95.  However,  predictions 
from  a  viscous  transonic  flow  calculation  by  Firmin  for  M  =  0.90  have  recently  become 
available9,  and  these  have  been  used  to  indicate  the  probable  magnitude  of  the  boundary 
layer  thickness,  although  the  predicted  skin  friction  coefficients  are  appreciably  lower 
than  the  measurements  (Fig  12). 


2  .  9  Test  conditions 


The  model  was  mounted  on  the  sidewall  of  the  RAE  3ft  x  3ft  tunnel  and  tested  over 
the  Mach  number  range  from  M  =  0.90  to  0.95  in  the  top  and  bottom  slotted  section 
(0.91  m  wide  x  0.69  m  high).  Table  I  lists  the  Reynolds  numbers  and  boundary  layer  thick¬ 
nesses  for  the  oscillatory  pressure  measurements  cited  here,  and  gives  typical  full  scale 
values . 


TABLE  1 


Standard  Test 

Conditions  p{ 

=  0.95 

bar 

Mach 

Reynolds 

Boundary  Layer 

Number 

Number 

Thickness 

M 

10'6  x  Rc 

0 

105 

/co 

!'reo 

Fixed 

0.65 

2.8 

1.7 

2.9 

0.80 

3.1 

2.3 

3.7 

Predicted  values 

0.90 

3.3 

- 

3.9 

Typical 

full  scale  values 

0.80 

120.0 

0.7 

The  other  tunnel  total  pressures,  pt,  were  0.29,  0.97  and  1.62  bar,  giving  Reynolds  numbers 
in  the  range  from  Rc0  -  10°  to  6  x  10  .  The  roughness  band  was  formed  by  a  thin  steel 
strip  1.6  mm  wide  glued  at  x/c  =  0.05  on  both  surfaces  of  the  wing.  The  steel  strip  was 
indented  by  a  pyramidically  pointed  needle  to  give  "coronets"  0.13  mm  high  2  mm  apart. 

This  roughness  was  judged  to  be  as  effective  as  a  distribution  of  spheres  of  0.13  mm  dia¬ 
meter,  and  could  be  applied  more  readily  and  repeatably. 

3  RESULTS 

Fig  7  shows  that  although  the  wing  flow  at  a  =  0°  is  three-dimensional,  the  local  Mach 
number  contours  are  swept  and  straight  for  two  typical  free-stream  Mach  numbers.  M  =  0.80 
(subsonic)  and  M  =  0.90  (transonic).  The  flow  for  M  =  0.80  is  just  subcritical,  the 
maximum  local  Mach  number  Me  -  0 .96 .occurring  near  quarterchord ,  while  M  =  0.90  introduces 
supersonic  flow  over  half  the  wing  and  a  peak  value  of  about  Me  =  1.20  in  the  region  of 
35?  chord.  After  consideration  of  the  measured  and  calculated  oscillatory  pressure  distri¬ 
butions,  the  role  of  transition  fixing  and  the  influence  of  the  boundary  layer  is  discussed. 


5 . 1  Comparisons  with  theory 


Fig  8  shows  a  typical  comparison  of  the  measured  chordwise  oscillatory  pressure  dis¬ 
tributions  with  fixed  transition  at  four  spanwise  positions  for  M  =  0.80  with  predictions 
according  to  an  inviscid  linearised  theory  for  three-dimensional  flow,  developed  by 
Mirchbank 1°.  These  measurements  are  conveniently  represented  by  the  magnitude  of  the 
vector,  Cp/6,  and  the  phase  angle  <J»  relative  to  the  movement  of  the  flap. 


On  the  control  (at  n  =  0.95  and  0.60)  the  magnitude,  Cp/6,  in  Fig  8a  is  large  close 
to  the  hinge  line  and  agrees  well  with  the  linearised  theory  as  far  as  75?  chord;  aft  of 
this  the  aerofoil  thickness  and  the  boundary  layer  combine  to  lower  the  loading.  Just 
inboard  of  the  control  at  n  :  0.35  the  magnitudes  are  much  smaller  but  still  in  good 
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agreement  with  the  predictions.  In  contrast,  just  outboard  of  the  control  at  n  =  0.7b 
the  magnitudes  remain  fairly  high.  However  the  measurements  show  anomalous  variations 
from  10S  to  k0%  chord  which  are  not  in  accord  with  the  predictions  and  which  are  tenta¬ 
tively  attributed  to  a  small  laminar  separation  bubble^. 

The  phase  angle  of  the  pressures  in  Fig  8b  shows  an  interesting  variation  from  section 
to  section.  Over  the  span  of  the  control  the  measured  phase  angles  lag  appreciably  behind 
the  predictions,  and  this  must  be  attributed  to  the  lag  effects  associated  with  the  higher 
local  velocities  caused  by  the  wing  thickness.  However,  just  off  the  control  the  measured 
phase  angles  actually  lead  the  predictions. 

More  complex  and  interesting  spanwise  variations  develop  at  transonic  speeds,  which 
are  discussed  elsewhere5.  No  theoretical  calculations  of  the  oscillatory  flow  are  currently 
available  for  supercritical  flow  conditions. 

Fig  9  shows  another  comparison  at  M  =  0.65  and  n  =  0.60  for  two  flap  amplitudes  of 
0.5°  and  2°  at  a  frequency  of  90  Hz.  Flap  amplitude  has  only  a  small  influence  on  Cp/6 
and  a  negligible  influence  on  the  phase  angle.  Upstream  of  x/c  =0.6  the  measured  Cp/6 
is  in  excellent  agreement  with  the  predictions,  but  there  are  minor  deviations  close  to 
the  hinge  line.  The  measured  phase  angles  lag  about  10°  behind  those  predicted,  just  as 
at  M  =  0.80,  and  may  again  be  attributed  to  the  higher  local  Mach  numbers  due  to  wing 
thickness . 


For  active  control  technology  it  is  important  to  know  the  limits  of  linearity  of  the 
pressures  induced  by  control  displacement,  because  these  limits  determine  the  region  within 
which  the  principle  of  superposition  is  valid.  Fig  10  illustrates  some  results  of  a  brief 
preliminary  investigation  of  this  question  at  subsonic  and  transonic  speeds  with  fixed 
transition. 

With  regard  to  the  superposition  of  different  flap  frequencies  at  subsonic  speeds, 

Fig  10a  shows  the  chordwise  variation  of  the  oscillatory  pressures  at  n  =  0.95  (Section  2 
of  Fig  9);  the  content  of  oscillatory  pressures  at  131  Hz  is  virtually  unchanged  when  a 

flap  oscillation  amplitude  of  1°  at  90  Hz  is  added  to  one  of  amplitude  1°  at  131  Hz.  Thus 

the  results  shown  in  Figs  9  and  10a  and  similar  tests  at  M  =  0.80,  confirm  that  the  prin¬ 
ciple  of  superposition  is  valid  at  subsonic  speeds,  at  least  within  this  restricted  range 
of  amplitudes  and  frequencies. 

Fig  10a  includes  predictions  for  the  higher  frequency.  The  magnitude  of  the  vector  is 
now  only  in  agreement  with  the  predictions  upstream  of  x/c  =  0.9  (cf  x/c  =  0.6  for  the  lower 
frequency  in  Fig  9),  the  phase  angles  measured  now  lag  about  10°  to  20°  behind  those 
predicted.  Thus  at  the  higher  frequency  the  predictions  are  somewhat  less  satisfactory, 
and  the  phase  difference  between  the  measurements  and  the  predictions  is  roughly  propor¬ 
tional  to  the  frequency  parameter. 

Only  a  limited  test  of  the  principle  of  superposition  was  made  at  transonic  speeds. 

Fig  10b  shows  the  chordwise  variation  of  the  oscillatory  pressures  at  n  =  0.95;  the  fre¬ 
quency  content  of  the  oscillatory  pressures  at  131  Hz  is  hardly  changed  when  a  flap  oscil¬ 
lation  of  amplitude  1°  at  90  Hz  is  added  to  one  of  amplitude  1°  at  131  Hz,  just  as  at  the 

subsonic  speed. 

3 . 3  Transition  measurements 

The  boundary-layer  transition  position  for  n  =  0.60  was  inferred  from  the  movements  of 
pe^ks  in  the  surface  pressure  fluctuations  with  tunnel  total  pressure,  Pt,  when  the  flap 
wa3  undriven.  On  flat  plates  and  cones  this  method  reveals  a  peak  in  the  broad-band 
pressure  fluctuations  of  about  p/q  =  l.OiS  in  the  middle  of  the  transition  region11,  where 
rapid  local  changes  in  thickness  occur  within  the  boundary  layer.  On  a  wing  the  mean 
pressure  gradients  at  subsonic  speeds,  and  shock  waves  at  transonic  speeds,  make  the  inter¬ 
pretation  of  the  surface  pressure  fluctuation  measurements  more  difficult.  This  difficulty 
can  be  partially  overcome  by  using  the  local  kinetic  pressure,  qe,  as  a  reference.  More¬ 
over  comparison  of  transition  free  and  transition  fixed  results  generally  eliminates  any 
ambiguities.  Fig  11  shows  some  typical  transition-free  measurements.  At  M  =  0.80,  Fig  11a 
shows  two  well-defined  peaks,  indicating  transition  just  forward  of  the  hinge  line  at  the 
lower  total  pressure  pp  =  0.24  and  0.47  bar.  At  the-higher  pressures,  p^.  =  0.95  and  1.52 
bar,  the  peaks  occur  at  about  40)1  chord.  By  comparison  with  the  transition-fixed  measure¬ 
ments,  we  may  infer  that  transition  is  roughly  about  30£  chord.  In  contrast,  at  transonic 
speeds  Fig  11  shows  well-defined  high  peaks  at  all  pressures.  These  peaks  are  caused  by 
the  oscillation  of  the  shock  terminating  the  local  supersonic  region.  Initially  the  peaks 
and  the  shock  wave /boundary  layer  interaction  move  forward  as  pt  increases  because  the 
transition  front  moves  forward  as  the  Reynolds  number  increases.  (In  contrast,  with  transi¬ 
tion  fixed  close  to  the  leading-edge  a  shock  wave  would  generally  move  slowly  downstream  as 
Reynolds  number  increases).  The  large  peak  pressure  fluctuations  at  the  lower  pressures 
(pt  -  0.24  to  0.95)  indicate  laminar  shock  wave/boundary  layer  interactions.  The  smaller 
peak  pressure  fluctuation  at  the  higher  pressures  (pt  =  1.52  bar)  indicates  a  turbulent 
shock  wave/boundary  layer  interaction  of  more  limited  extent.  Laminar  interactions  are,  of 
course,  much  longer  than  turbulent  interactions  and  therefore  are  more  likely  to  create 
large  peak  pressure  fluctuations.  A  similar  change  in  peak  p/q  in  going  from  a  laminar  to 
a  turbulent  interaction  was  also  reproduced  at  lower  total  pressures  transition  fixed 
(omitted  here  for  brevity).  Hence  at  transonic  speeds  the  variation  of  peak  pressure 
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fluctuations  with  Reynolds  number  can  be  a  valuable  guide  to  the  state  of  the  boundary 
layer  at  the  shock  even  though  it  cannot  give  the  precise  transition  position. 

With  the  roughness  band  at  the  standard  test  pressure  (pt  =  0.95  bar),  transit  icu  was 
always  close  to  the  leading-edge  so  that  the  boundary  layer  at  the  hinge  line  was  exces¬ 
sively  thick  relative  to  full-scale  values.  Hence  from  the  point  of  view  of  the  trailing- 
edge  flap,  the  boundary  layer  at  the  standard  pressure  must  be  described  as  "overfixed", 
with  all  the  difficulties  that  this  condition  is  known  to  introduce  for  steady  measurements. 
(Gee  for  example  the  discussion  in  Refs  12  and  13). 

3 .  9  Skin  friction  measurements 

Fig  12  shows  the  local  skin  friction  coefficients  derived  from  the  Preston  tube 
readings  as  a  function  of  the  Reynolds  number  based  on  the  root  chord.  It  is  convenient 
to  consider  first  the  Mach  number  range  from  M  =  0.^40  to  0.90.  Here  the  skin  friction 
measurements  with  both  free  and  fixed  transition  all  fall  monotonically  with  Reynolds 
number.  This  shows  that  the  boundary  layer  is  always  turbulent  at  the  hinge  line,  even  at 
the  lowest  Reynolds  number.  This  inference  is  consistent  with  the  transition  measurements. 
The  skin  friction  is  always  significantly  higher  with  transition  free  than  with  transition 
fixed,  confirming  that  the  transition  free  boundary  layer  is  appreciably  thinner  at  the 
hinge  line  and  more  representative  of  full  scale  flow  over  the  control  surfaces. 

The  transition  fixed  skin  friction  measurements  at  M  =  O.kO  may  be  compared  directly 
with  the  estimates  given  by  Roberts®.  For  the  higher  Reynolds  number  (Rc0  >  10®)  the 
measured  transition  fixed  skin  friction  coefficients  are  about  3%  lower  than  the  estimates, 
consistent  with  a  thicker  boundary  layer.  This  is  because  at  there  high  Reynolds  numbers 
natural  transition  is  close  to  the  roughness  band  at  x/c  =  0.05  whereas  the  estimates  assume 
a  transition  position  further  downstream  at  x/c  =  0.125.  In  marked  contrast,  at  the  lower 
Reynolds  numbers  (Rc0  <  10®),  the  measured  skin  friction  coefficients  with  fixed  transition 
are  appreciably  higher  than  the  estimates,  consistent  with  transition  moving  progressively 
further  downstream  of  x/c  =  0.125  as  Reynolds  number  decreases  and  with  the  roughness  band 
becoming  less  effective.  A  rearward  movement  of  transition  at  low  Reynolds  numbers  would 
significantly  increase  the  local  skin  friction  at  the  measurement  station,  according  to  the 
estimates®  included  in  Fig  12. 

The  skin  friction  measurements  at  M  =  0.95  are  included  in  Fig  12  to  illustrate  the 
dangers  inherent  in  making  aerodynamic  measurements  at  transonic  speeds  with  transition 
free.  As  the  Reynolds  number  increases,  the  skin  friction  first  increases  and  then 
decreases  rapidly  as  mean  position  of  the  shock  alters.  In  marked  contrast,  with  transi¬ 
tion  fixed  the  skin  friction  coefficient  decreases  monotonically  with  Reynolds  number,  just 
as  at  the  lower  Mach  numbers.  This  is  consistent  with  relatively  minor  movements  of  the 
shock  wave  around  x/c  =  0.50  and  with  appreciable  variations  in  boundary  layer  thickness. 

For  this  wing,  at  M  =  0.95  and  zero  incidence,  it  would  have  clearly  been  preferable  to  fix 
transition  with  a  roughness  band  at,  say,  x/c  =  0.3  rather  than  at  x/c  =  0.05. 

Fig  13  shows  the  variation  of  the  ratio  of  the  boundary  layer  displacement  thickness 
at  the  Preston  tube  to  the  root  chord,  6^/c0,  with  Mach  number  and  Reynolds  number  both 
with  transition  free  and  fixed. 

Considering  first  the  measurements  at  M  =  0.440,  we  see  that  with  transition  free  the 
boundary  layer  thickness  ratio  increases  monotonically  wit.h  Reynolds  number  while  'he  tran¬ 
sition  point  moves  progressively  further  upstream.  In  contrast,  with  transition  fixed  the 
boundary  layer  thickness  ratio  initially  increases  rapidly  with  Reynolds  number  as  the 
roughness  initiates  transition  and  rapidly  moves  the  transition  front  close  to  the  rough¬ 
ness  band’'-  .  Further  increase  in  Reynolds  number  then  slowly  decreases  the  boundary  layer 
thickness  ratio.  At  the  standard  test  pressure,  pt  -  0.95  bar,  the  displacement,  thickness 
of  the  boundary  layer  is  50?  thicker  with  transition  fixed  than  with  transition  free.  The 
predictions  by  the  three-dimensional  viscous  flow  calculations  show  that  a  boundary  layer 
thickness  ratio  appropriate  to  a  full-scale  Reynolds  number  of  120  x  10®  (Si/c0  -  0.0007) 
could  have  been  achieved  with  transition  free  at  a  greatly  reduced  Reynolds  number  of 
0.6  x  10®.  Although  it  is  not  suggested  that  this  method  of  simulation  would  be  eit.irely 
adequate,  it  should  be  worth  a  more  detailed  investigation  in  future  tests,  in  view  of  t no 
strong  influence  of  boundary  layer  thickness  on  pressure  measurements  for  oscillating 
trai ling-edge  flaps. 

The  results  at  higher  speeds  are  similar  in  character  to  those  at  M  =  0.<40,  with  the 
boundary  layer  thickness  ratio  increasing  with  Mach  number,  presumably  because  of  the 
increasing  adverse  pressure  gradient  at  the  rear  of  the  wing.  The  important  point  to 
notice  from  Fig  13  is  that  a  marked  difference  in  boundary  layer  thickness  ra’io  ir  mi: - 
t.ained  between  transition  free  and  transition  fixed  measurements  at  all  Reynolds  number.;. 

3 . 5  Influence  of  boundary  layer 

We  now  consider  the  influence  of  th--  boundary  layer  on  the  oscillatory  prer  sure.- 
measured  across  the  chord  of  a  typical  spa:. wise  section  n  -  0.60  (Red  ion  f  1  ,•  ••  . 

In  general,  with  the  thin  turbulent,  p  ■ut.dnry  layer  at  the  hinge  line  all  w-  !  ■■ 

transition,  the  flap  lift  curve  slope  i.  .:  i  gn  i  f  i  cant  ly  increased  relative  *  .  • »  ..  „  1 :  n 

the  thick  turbulent  boundary  layer  formed  with  fixed  transition.  Thus  at  ”  --  '.  . 

the  increase  in  flap  lift  curve  slope  i  r  ■  an  :  a  significant,  increase  it.  •  : 

the  oscillatory  pressures  measured  ov-t  Hi"  wh  >le  sect  i.>n .  A  similar  ir.cf  w  ■  >.;  ■  •  •  •: 

and  observed  in  the  quasi-steady  measurement:- .  However  in  addition  with  the  thit.t.-  r 
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boundary  layer  there  is  a  significant  increase  (about  6°)  in  the  phase  lag  of  the 
oscillatory  pressures  over  the  forward  portion  of  the  section,  whereas  over  the  central 
portion  this  increase  is  only  about  5°.  This  change  in  phase  angle  was  unexpected  and  is 
more  difficult  to  explain  than  the  increase  in  the  magnitude  of  the  vector.  Moore's 
review1^  0f  the  limited  information  available  in  1969  on  the  scale  effects  on  control- 
surface  derivatives  suggested  that  with  a  thinner  boundary  layer  (obtained  either  by 
increasing  Reynolds  number  or  by  allowing  free  transition) ,  stiffness  derivatives  increased 
but  damping  derivatives  were  unaltered.  Thus,  as  in  the  present  measurements,  the  magni¬ 
tude  of  the  force  vector  was  increased  but  there  was  a  decrease  in  phase  lag  contrary  to 
the  present  measurements.  Moore  concluded  that,  to  obtain  results  closest  to  full-scale 
values,  tests  with  oscillating  trailing-edge  controls  were  best  made  transition  free.  The 
change  in  phase  angle  is  unlikely  to  be  caused  by  the  small  differences  in  the  distribu¬ 
tions  of  Mach  number  in  the  mean  flow  between  transition  fixed  and  free.  In  a  rough  attempt 
to  quantify  the  effect  of  these  small  differences,  Tijdeman's  two-dimensional  acoustic  wave 
formula1”  was  used  to  estimate  the  equivalent  phase  lag  for  a  source  mounted  at  the  hinge 
line.  The  relaxation  factor  assumed  was  0.7,  as  Tijdeman  found  appropriate  for  an  oscil¬ 
lating  wing,  but  essentially  similar  results  would  have  been  found  with  a  relaxation  factor 
of  1.0.  The  dotted  curve  in  Pig  14  shows  that  the  differences  between  the  predicted  phase 
lags  with  transition  fixed  and  free  are  negligible.  However,  the  phase  lag3  predicted  are 
much  larger  than  those  measured,  so  that  the  two-dimensional  acoustic  theory  is  plainly 
inappropriate  for  this  three-dimensional  situation,  although  it  suggests  that  the  large 
change  in  phase  angle  may  be  a  dynamic  phenomenon  within  the  boundary  layer. 

Now  at  any  given  subsonic  Mach  number  and  Reynolds  number  (ie  for  a  very  wide  range  of 
transition  positions)  the  same  trends  occur  as  those  illustrated  in  Fig  14.  Hence  the 
viscous  phenomena  influencing  the  changes  in  both  magnitude  and  phase  angle  are  probably 
determined  by  the  thickness  of  the  turbulent  boundary  layer  at  the  hinge  line,  rather  than 
the  influence  of  the  laminar  portion  of  the  boundary  layer  upstream  of  transition. 

Fig  14  also  includes  the  predictions  according  to  linearised  theory1®.  Generally  the 
magnitude  of  the  vector  is  well  predicted.  Although  upstream  of  x/c  =  0.60  the  predictions 
are  in  better  agreement  with  the  measurements  made  with  transition  fixed  rather  than  with 
transition  free,  this  should  be  considered  fortuitous,  because  the  theory  takes  no  account 
of  wing  or  boundary  layer  thickness.  Close  to  the  hinge  line  the  predictions  are,  in  fact, 
in  better  agreement  with  the  measurements  made  transition  free.  It  is  important  to  recall 
that  at  x/c  *  0.30  the  local  Mach  number  is  0.96,  so  that  such  good  agreement  is  really 
surprising. 

As  regards  phase  angles  the  theory  predicts  an  oscillatory  pressure  at  x/c  =  0.05  > 

which  lags  by  about  50°.  The  pressure  observed  lags  by  about  60°.  Similar  discrepancies 
in  phase  angle  are  observed  right  across  the  section  and  must  be  attributed  to  the  higher 
local  velocities  caused  by  the  wing  thickness. 

When  the  wing  flow  is  transonic,  the  pressures  produced  by  oscillation  of  the  flap  are 
dominated  by  the  type  of  shock  wave/boundary  layer  interaction  (Fig  15).  Thus  at  M  =  0.90, 
when  transition  is  free,  we  have  seen  that  the  shock  wave/boundary  layer  interaction  is 
laminar  and  extends  over  a  long  portion  of  the  chord  (say  from  x/c  -  0.3  to  0.6).  The 
interaction  causes  large  oscillatory  pressures  in  this  region  in  addition  to  the  large 
oscillatory  pressures  which  would  be  expected  in  the  subsonic  portion  of  the  flow  field 
close  to  the  hinge  line.  In  marked  contrast,  with  fixed  transition  the  oscillatory  pres¬ 
sures  associated  with  the  shock  are  somewhat  smaller  and  concentrated  about  the  mean  shock 
position  at  x/c  =  0.3.  Downstream  of  the  turbulent  shock  wave/boundary  layer  interaction 
the  oscillatory  pressures  first  fall  rapidly  and  then  increase  towards  the  hinge  line.  The 
magnitude  of  this  increase  is  quite  small  until  the  hinge  line  is  approached,  and  its 
character  resembles  that  observed  in  the  same  region  at  H  =  0.8  (cf  Fig  14).  The  measure¬ 
ments  suggest  that  the  flap  lift  slope  is  still  appreciably  higher  with  the  thin  turbulent 
boundary  layer  produced  by  free  transition.  In  addition  we  notice  that  there  is  once  again 
a  significant  change  in  phase  angle,  for  upstream  of  x/c  =  0.5  the  transition  free  measure¬ 
ments  lag  behind  those  with  transition  fixed  by  about  10°  to  20°.  This  lag  is  in  the  same 
sense  as  that  observed  at  subsonic  speeds  (Fig  14).  This  again  suggests  that  the  lag  is 
not  primarily  caused  by  a  changed  mean  flow,  but  by  a  dynamic  phenomenon  associated  with 
the  significant  change  in  the  boundary  layer  thickness.  The  lack  of  agreement  of  these 
measurements  made  with  transition  fixed  and  free  suggests  that  for  transonic  speeds  transi¬ 
tion  should  always  be  fixed  a  safe  distance  upstream  of  the  maximum  forward  excursion  of 
the  oscillatory  shock  wave,  rather  than  close  to  the  leading-edge,  in  an  attempt  to  obtain 
aerodynamic  characteristics  appropriate  to  higher  Reynolds  number.  Thus  in  Section  3.4 
above  it  was  suggested  that  at  M  =  0.95,  with  the  shock  at  x/c  -  0.5,  transition  should  have 
been  fixed  at  x/c  =  0.30,  rather  than  at  x/c  =  0.05. 

Boundary- layer  thickness  is  likely  to  have  a  much  greater  influence  on  the  characteris¬ 
tics  of  a  trailing-edge  flap  on  a  thick  supercritical  wing,  particularly  when  this  operates 
close  to  separation.  Hence,  when  testing  supercritical  wings  with  oscillating  trailing- 
edge  flaps,  some  boundary  layer  thickness  variation  should  always  be  included  as  an  aid  to 
the  assessment  of  full  scale  performance. 

4  FUTURE  RESEARCH 

The  results  already  obtained  on  this  model  are  judged  to  be  of  sufficient  interest  to 
justify  a  further  investigation,  particularly  of  the  effects  of  changes  in  the  boundary 
layer . 
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One  shortcoming  of  the  present  tests  is  that  the  pressures  were  not  measured  close 
enough  to  the  trailing  edge  (eg  Figs  9  and  14).  Hence  the  aluminium  alloy  flap  has  now 
been  repined  with  n  stiffer  flap  (Fig  16)  made  in  carbon  fibre  with  12  instead  of  6 
pressure  orifices.  This  flap  will  be  driven  electromagnetically  at  higher  frequencies 
and  at  larger  amplitudes.  (From  about  20°  at  2b  Hz  to  1°  at  200  Hz).  The  flap  amplitude 
will  be  more  precisely  determined  with  a  new  type  of  fibre-optic  instrument  mounted  on 
the  drive  shaft^-?;  this  instrument  has  no  significant  errors  up  to  frequencies  as  high  as 
bOO  Hz. 

Although  the  results  for  the  tests  of  superposition  are,  of  course,  only  established 
for  attached  flows,  they  suggest  a  useful  interim  practical  application  of  active  control 
technology  to  reduce  the  model  response  to  unsteadiness  in  the  tunnel  flow.  The  model  is 
flexible  and  responds  strongly  at  the  fundamental  wing  bending  frequency  (about  60  Hz). 
During  the  next  series  of  tests  the  pressures  induced  by  small  amplitude  flap  oscillations 
at  this  frequency  will  be  measured,  the  corresponding  phases  and  amplitudes  of  all  the  wing 
accelerometers  will  be  noted.  These  "open  loop"  measurements  will  then  be  used  to  formu¬ 
late  a  suitable  "closed  loop"  control  law  relating  one  of  the  accelerometer  responses  to 
an  appropriate  flap  movement  to  reduce  the  wing  responses  and  thus  extend  the  fatigue  life 
of  the  model.  Ultimately  we  intend  to  extend  our  measurements  of  flap  effectiveness  to 
conditions  of  fully  separated  flow  when  there  is  significant  buffeting. 


5  CONCLUDING  REMARKS 

On  this  9 thick  symmetric  wing  the  boundary  layer  has  a  large  effect  on  the  pressures 
generated  by  the  oscillating  trailing-edge  flap,  even  at  zero  lift.  With  the  thin  turbu¬ 
lent  boundary  layer  at  the  hinge  line  allowed  by  natural  transition  the  flap  produces 
appreciably  higher  forces  at  subsonic  speeds,  as  was  confirmed  by  the  quasi-steady  measure¬ 
ments.  However,  the  increase  in  phase  lag  with  the  thinner  boundary  layer  was  not  expected 
and  has  not  yet  been  explained. 

It  is  essential  at  transonic  speeds  to  ensure  a  turbulent  shock  wave/boundary  layer 
interaction,  even  in  the  absence  of  separation.  Ideally  the  turbulent  boundary  layer  should 
be  as  thin  as  possible.  This  may  be  achieved  either  by  fixing  transition  just  upstream  of 
the  shock,  or  by  increasing  the  Reynolds  number  just  until  a  turbulent  shock  wave /boundary 
layer  interaction  is  obtained  with  free  transition. 

Although  the  effects  of  the  boundary  layer  and  wing  thickness  are  not  included,  the 
predictions  from  lifting  surface  theory  provide  fair  overall  agreement  with  the  measurements 
at  subsonic  speeds  particularly  at  frequency  parameters  up  to  about  0.4.  The  authors  hope 
that  the  present  measurements  at  transonic  speeds,  and  those  yet  to  be  made,  will  serve  as 
a  challenge  to  theoreticians  to  develop  adequate  theories  for  this  difficult  speed  range. 
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NOTATION 
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magnitude  of  vector  of  oscillatory  pressure  per  radian  flap 
deflection 

local  skin  friction  coefficient 
local,  average,  and  root  chords 
freqeuncy  (Hz) 

respectively  hinge  moment,  pitching  moment  and  lift  derivatives 
in  phase  and  in  quadrature  with  flap  displacement  (Ref  l) 

Mach  number 
tunnel  total  pressure 
rms  pressure  fluctuations 
kinetic  pressure 
unit  Reynolds  number 
stream  velocity 

streamwise  distance  from  local  leading-edge 


a 
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6. 

n 

<P 

v 


angle  of  incidence 

flap  deflection  in  streamwise  plane  (radians,  Ref  l) 

flap  deflection  normal  to  hinge  line  (radians,  unless 
otherwise  stated) 

boundary  layer  displacement  thickness 

spanwise  distance  as  a  fraction  of  semi-span 

phase  of  pressure  oscillation  relative  to  flap  motion  (deg 
positive  for  pressure  leading  displacement) 

frequency  parameter  =  2iTfc/U 


local  external  flow  conditions 
transition  position 
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Fig.  10  Superposition  of  Two  Frequencies 
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